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ORIGIN OF FISSION-PRODUCT RELEASES IN EBR-II,
NOVEMBER 23, 1967, TO MAY 6, 1968

by

R. R. Smith, E. R. Ebersole,
R. M. Fryer, and P. B. Henault

ABSTRACT

The second verified series of fission-product releases
in EBR-II began on November 23,1967. Results of analyses
for '**Xe and !**Xe in the cover-gas system confirmed that
the releases originated from fresh fuel material. Attempts
to associate the releases with recently installed driver-fuel
subassemblies were unsuccessful in view of a subsequent
release on December 6, 1967. Eventually the releases were
attributed to capsule BC02 in irradiation subassembly X028;
capsule BCO2 contained a prototypal fuel element of U-Pu-Zr
ternary alloy.

The results of postirradiation examinations on cap-
sule BCO2 revealed substantial fuel melting and rearrange-
ment, particularly in the upper and lower regions. From
these results and from observations of the various fission-
product releases from capsule BCO‘Z, a physical model of
the defect was generated; this postulated model was con-
sistent with all available experimental information.

I. INTRODUCTION

From 1967 to 1969 several inadvertent releases of fission products
to the EBR-II primary system have provided important practical informa-
tion relevant to detection, location, and implications of fuel-element and/or
cladding failure in EBR-II. Prior to the first verified fission-product re-
lease on May 24, 1967, a great deal of theoretical effort had been devoted
to such problems. Although the results of such efforts increased the assur-
ance that the consequences of fuel-element or cladding failure could be
tolerated, at least on a short-term basis, substantiating experimental evi-
dence was needed. Such evidence may be acquired in the following three
ways: (1) by simulating typical cladding failures in TREAT, (2) by con-
ducting specific experiments under carefully controlled conditions in
EBR-II, or (3) by analyzing information provided by inadvertent fission-
product releases in EBR-II. Because of the urgent need to acquire a
thorough understanding of all aspects of cladding failure in EBR-II and
similar fast reactors, all three of these approaches have been used.



Considerable progress has been made by specific experiments con-
ducted in both TREAT and EBR-II, and the results have been reported
elsewhere.!™® The present report is primarily concerned with the third
approach, the study of inadvertent releases. With the current emphasis on
the role of EBR-II as an irradiation test facility, fission-product releases
from fuel-bearing materials seem inevitable. In anticipation that other
investigators concerned with fuel-failure problems in fast reactors will
benefit from a knowledge of similar problems in EBR-II, a policy of docu-
menting all relevant information on EBR-II fission-product releases will

be continued.

A. First Series of Verified Fission-product Releases, Beginning
May 24, 1967

The first series of verified fission-product releases in EBR-IIL,
beginning on May 24, 1967, was attributed to the failure of an encapsulated,
experimental, UO,-PuO, fuel element (HOV4) located in irradiation sub-
assembly X011.”-? Evidence that indicated failure of the HOV4 capsule
included the following: (1) gross physical damage to the fuel and cladding
inside the capsule, (2) release of a small but significant amount of radio-
active gas when the capsule was placed in an evacuated chamber, (3) a de-
crease in capsule weight during the irradiation by an amount approximately
equal to the weight of the original sodium bond, and (4) an inventory of rare-
gas fission products in the capsule less than that expected from calculations
based on fuel burnup. Although the exact location of the defect in HOV4 was
never physically identified, the fact that all bond sodium had been extruded
implied that the defect was very likely in the region of the lower weld.

Of particular interest in this case was the magnitude of the fission-
product releases. During the initial release, the signal from the fission gas
monitor (FGM) increased by a factor of approximately 3000. Subsequent
releases, incurred as the result of operating the reactor in the search mode,
were much smaller, i.e., factors of 16, 300, and 220. All releases, however,
were characterized by sharp, nearly stepwise increases in the FGM re-
sponse, followed by simple radioactive decay. Similar behavior was noted
for activities of '**Xe and !**Xe in the cover gas. Such behavior suggested
a sudden release of a bubble of highly radioactive gas that floated to the
surface of the primary sodium and diffused throughout the cover-gas system.

B. Second Series of Fission-product Releases, Beginning
November 23, 1967

The second series of fission-product releases began on Novem-
ber 23, 1967. In this series, several unusual phenomena were observed for
the first time. Although the initial release on November 23 was character-
istic of a simple gas release, disproportionate quantities of S e tand 5%
were found. Whereas significant quantities of the shorter-lived b7 were
found, the longer-lived !**Xe essentially was missing. This phenomenon was



correctly attributed to the release of newly generated fission products from
fresh fuel material. Later symptoms of the release included the generation
of secondary buildup curves for '**Xe and '**Xe as their respective iodine
parents were continuously extruded with the bond sodium. Much later in the
series, presumably as the fuel element deteriorated further, marked frac-
tionation effects occurred. On some occasions, both short- and long-lived,
rare-gas fission products were observed; on other occasions, only activities
with long half-lives were noted. Such behavior was attributed to consecutive
releases: first from the fuel element to the capsule, and then from the cap-
sule to the primary system. If the time between releases was long, the
secondary release would be deficient in those activities with the shorter
half-lives. If, however, the time interval was short, both short- and long-
lived gaseous species would be released.

Finally, bona f_iﬁ melting phenomena in a metallic fuel element
were observed for the first time in the November 23 release. Of impor-
tance here was the practical assurance that the consequences of fuel melting
could be tolerated without damaging the system. Also important was the
demonstration that fuel melting leads to a greatly increased release of
volatile fission products.

In general, this report consists of a chronological documentation of
events as they occurred. To maintain historical accuracy, the rationale
applied in diagnosing the nature of the release on the basis of the available
symptoms is given, even though the reasoning proved, on some occasions,
to be erroneous.

In the diagnosis of the nature of a given fission-product release, the
only information the analyst has at his dispo‘sal is that provided by the
various fission-product-monitoring systems. Each system provides specific
clues which, if taken individually, may mean little. The task of the analyst
is to effect a consistency between all available information and a credible
physical model.

To avoid the unnecessary repetition of background information, the
reader is referred to other sources. A complete description of the reactor
plant is given in the original Hazard Summary Report'® and its Addendum.'!

The various fission-product monitoring systems and how the signals from
such systems may be used in diagnosing fission-product releases
have been discussed by Smith et a_l.lz’u
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1I. CHRONOLOGY

For simplicity, the chronology of the many releases may be con-
veniently divided into three individual series which began on Novem-
ber 13, 1967, December 7, 1967, and March 5, 1968. Although each of these
series was eventually attributed to the same source, the associated symp-
toms were so different that each series will be considered individually.

A. The November 23, 1967, Fission-product Release

After the suspect subassembly X011 was removed on June 27, 1967,
the reactor was operated for approximately 1900 MWd without any evidence
of an additional fission-product release. During this period, all evidence
substantiated the conclusion that subassembly X011 was responsible for the
releases that occurred during the period May 24 to June 27, 19617.

The next series of releases, from a source other than X011, began
on November 23, 1967, during the routine startup of run 26C. Preceding the
startup was a series of fuel-handling operations beginning at 0800, Novem-
ber 22. These fuel-handling operations are summarized in (R bl

TABLE I. Fuel-handling Operations
on November 22, 1967

Reactor Grid B sl
Position Removed Inserted
4A2 X015 C2064
4D2 C2000 0I5
4B3 C2064 X027
4D3 X016 X028
4F3 E©2001 X016
1A1 C283 (@ ZLiLL
4A3 €©2002 (@IS
6F1 B360 X032
6@ B3000 X031

Of the various subassemblies transferred at this time, three (X015,
X016, and C2064) were in the core prior to the fuel-handling operations.
These three were relocated to achieve a more uniform radial temperature
distribution across the oscillator rod located in grid position 5A3. Experi-
mental subassemblies X027, X028, X031, and X032 all contained unirradiated,
encapsulated, prototypal fuel elements. Driver-fuel subassemblies C2111
and C2113, both containing unirradiated, high-silicon-content fuel, were
inserted as a commitment under the fuel-swelling surveillance program.



After the completion of fuel-handling operations, the experimental
program called for a measurement of the power coefficient in 5-MWt incre-
ments over the 0-45-MWt range. After period calibration of control rods 5
and 12, the reactor achieved criticality at 0513 on November 23, and a power
level of 10 MWt was reached at 0609. Power was increased to 15 MWt at
0730 and to 20 MWt at 0839. The FGM alarm point was set at 40% of full
scale at 0845.

During the interval 0930 to 0933, two events occurred. First, the
power increase to 25 MWt was begun; second, it was noted that the FGM
signal was increasing at an abnormal rate. The shift supervisor imme-
diately requested a gas sample (taken at 0940) and noted that no abnormal
change was discernible in the FERD signals.* At 0951 the FGM signal con-
tinued to increase rapidly and the shift supervisor ordered a power cutback
to 17.5 MWt and the evacuation of all personnel from the reactor building.
At 1004, the FGM alarmed and a rapid shutdown to 50 kWt was ordered.

At 1025, the reactor was brought subcritical. At 1030, the results of gas
analyses confirmed that a fission-product gas release had occurred.
Restricted entry, under shift-supervisory authorization, was permitted at
1050, since there was no indication of any fission-product release to the
reactor building. The FGM was tested with a 137Cs source at 1155 and was
shown to be operating satisfactorily. A reconstruction of the strip-chart
record for the FGM system during this period is given in Fig. 1. With an
assumed time lag of 5-10 min in the response of the FGM, the time of re-
lease estimated from the FGM recorder was 0855.

At no time before, during, or after the release was there any indica-
tion of an increased FERD signal, reactivity change, unexplained power
change, or any off-normal indication in the réading of subassembly-outlet
temperatures. (A comparison of critical-position measurements made at
50 kWt before the startup on November 23 and the following day indicated a
gain of 1.9 Th, an amount approximately the same as the reproducibility of
such measurements.)

From the results of analyses conducted for 133%e and !**Xe activities
in the cover-gas samples taken at 0200 and 0940, it was not immediately
obvious that a release had occurred. Significant quantities of these species
were present in the cover-gas system, even before the reactor startup.
Their presence in the cover gas was the consequence of previous fissions in
an ever-present unavoidable contamination of fuel-element surfaces with fuel
material. Whereas the FGM system, which senses the presence of relatively
short-lived species, registered a large increase, the period of power opera-
tion prior to the release was too short to generate large quantities of the
longer-lived rare-gas species, i.e., 1383 e and 2 Xe,

*FERD, fuel element rupture detector, a device for detecting delayed-neutron-emitting species in a bypass
stream of primary coolant,

11
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o CHRONOLOGY
1. 0839, INCREASED POWER TO 20 MW
2. 0845, CHECKED FGM ALARM POINT,
CHECK 0.K.

3. 0933, STARTED INCREASE TO 25 MW,
NOTED UNUSUAL FGM SIGNAL INCREASE.
REQUESTED GAS SAMPLE.

4. 095!, POWER REDUCED TO 17.5 MW,
EVACUATED REACTOR BUILDING.

5. 0955, MOTIFIED ASS'T OPERATIONS -
MANAGER.

6. 1004, FGM ALARM. RAPID SHUTDOWN
T0 50 KW.

7. 1025, SYSTEM SUB-CRITICAL.

8. 1050, RESTRICTED ENTRANCE TO
REACTOR BUILDING, SHIFT-SUPERYISORY
AUTHOR IZATION.

1155, FGM CHECKED WITH SOURCE. CHECK
0.K.

30 -

20

FGM RESPONSE, counts/sec

1
0800 0900 1000 1100 1200 1300 1400 1500

TIME

Fig. 1. FGM Response during Original Release--November 23, 1967. ANL Neg. No. ID-103-J5481 Rev. 1.

The preliminary results of an analysis for 137Cs in a sodium sample,
collected at 1615 on November 23, failed to indicate a perceptible increase
in the '*’Cs content of the primary coolant. However, the unusually large
amount of ’Cs released to the coolant on May 24 from the mixed-oxide
element (HOV4) had greatly increased the normal background level and
seriously compromised the usefulness of '*’Cs as a fission-product index
species in the primary coolant.
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A lack of perceptible increase in any of the three FERD channels
indicated that the release did not involve a rapid loss of bond sodium from
either a driver or an experimental fuel element. If a rapid loss of sodium
had occurred, the extruded bond would have contained short-lived, delayed-

neutron-emitting fission products that would have been sensed by the FERD
system.

An increase in the FGM system suggested an increase in the con-
centration of index species (3*Kr, ®Kr, and 138X e) in the cover-gas plenum.
Such an increase could have resulted from either: (1) the sudden loss of
bond sodium containing the short-lived halogen parents of these index
species, or (2) the sudden release of rare-gas fission products.

The most important diagnostic information originated from the
results of analyses for 133y e and !**Xe in cover-gas samples taken before
and after the release. The
activity levels of these isotopes
in the cover gas prior to and
following the release are given
in Fig. 2. Whereas a signifi-

cant and relatively large in-
crease was seen for the
shorter-lived '*Xe isotope
(half-life, 9.2 hr), essentially
no change was noted in the

ACTIVITY, pCi/ml

activity level on the longer-
4 lived !**Xe (half-life, 5.2 days).
1 Such evidence immediately
suggested a release from fuel
material that had been installed
just prior to startup. Had the
release originated from an "old"
fuel element (i.e., one that was
gl : i X o in the core at the end of run 26B
96000 EETRT e b el and during the run-26C startup),
NOVEMBER, 1967 a portion of the 133Xe generated
during run 26B would have been
released and detected. Further-
more, the fact that the B
activity increased in a step manner demonstrated conclusively that at
least part of the release was gas rather than sodium.

107°

150
140

Lt o 1

T
7
N
]
POWER, MWt

Fig. 2. Activities of 133Xe and 135Xe in Cover-gas
Samples--November 22-25, 1967

The significant discrimination against the release of the longer-
lived 13*Xe marked the first time such a phenomenon had been observed.
Eventually the mere existence of such effects was found to be such a valuable
diagnostic aid that further elaboration is considered worthwhile. Under
normal operating conditions, all monitoring systems register responses
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proportional to reactor power and to the degree of an unavoidable con-
tamination of fuel-element surfaces with fuel material. Such responses

are commonly referred to as the "tramp" background. Thus, even though

all fuel elements may be completely intact, small amounts of fission products
are generated continuously whenever the reactor is operated. Rare-gas
fission products, generated mainly through the decay of their halogenparents,
diffuse upward and accumulate in the reactor cover-gas system. Simulta-
neously, the same rare-gas fission products accumulate in the gas plenum
of a given fuel element. The amount, in this case, is proportional to reactor
power and to the surface area of the fuel material. If the amount of a given
rare-gas index species in the gas plenum of a fuel element is defined as N,
and in the primary cover-gas system as Ncg’ it follows that the ratio Ngj
Ncg is a constant, regardless of the time-power history of operation. During
reactor startup, both Ngj and N g increase at identical rates. Furthermore,
the ratio Nel/Ncg should be the same for all gaseous index species.

Based on these considerations, it was tentatively concluded that the
release must have originated from fuel material that had been inserted
during the shutdown after run 26B. In the belief that additional information
could be gained if another release could be initiated, the decision was made
to restart the reactor and to bring it cautiously to power.

At 0150 on November 24, the FGM and FERD systems were checked
with appropriate sources; both were found to be working satisfactorily. The
reactor was restarted, and criticality was achieved at 0657. Power was
increased in 5-MWt increments, and a level of 25 MWt was reached at 1416,
(After each new power level was reached, a hold of at least 1 hr was im-
posed.) At 1425, it was noted that the signal from the FGM was again in-
creasing at an abnormal rate. The FGM signal increased from a background
level of about 7% of full scale to approximately 30% over a period of less
than 2 hr. Coincidentally, a special gas sample was taken at 1422. By 1445,
it was concluded that a fission-product release had occurred. At no time
preceding, during, or following the release were anomalous changes noted
in the FERD response, the power, the reactivity, or subassembly-outlet
temperatures. Operation of the reactor continued after the release for
approximately 8 hr under 25-MWt conditions. At 2217, the reactor was shut
down for fuel-handling operations. A reconstruction of the FGM record dur-
ing this period is given in Fig. 3, and the activity levels of '**Xe and '**Xe
during this period are included in Fig. 2. From the response of the FGM
and the results of cover-gas analyses, the time of the release was estimated
to be 1420.

An inspection of the data summarized in Fig. 2 revealed that between
1400 and 1422 a relatively large increase occurred in the 135Xe concentra-
tion. No perceptible change, however, was noted for 133X e. Again, this
information was considered conclusive evidence that the release must have
originated in fresh fuel material inserted after run 26B. Accordingly,



FGM RESPONSE, counts/sec

CHRONOLOGY
|. 1416, PONER AT 25 MW
2. 1425-1430, FGM SIGNAL INCREASING RAPIDLY
3. 1422, GAS SAMPLE TAKEN
4. 1445, GAS RELEASE CONSIDERED CONF | RMED
5. 2100, POSSIBLE THIRD RELEASE
6. 2217, STARTED SHUTDOWN
T

er 2330, POSSIBLE FOURTH RELEASE

q
5 —
0 1 1 1 1 |

1300 1500 2000 2400 11/24 0500 1000
000 11/25
TIME
Fig. 3. FGM Response during Second Release --November 24, 1967. ANL Neg. No. ID-103-J5482 Rev. 1.
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attention was directed to the subassemblies inserted after the run 26B shut-
down (see Table I). Since the release was relatively small (a signal-to-
noise ratio of 3.1 for '®Xe), the tentative conclusion was that the release
probably originated from a driver element. Since subassemblies C2111 and
C2113 contained driver elements, these subassemblies were considered
prime suspects. They were removed on November 25 and were replaced

by two fresh driver subassemblies, C2041 and C2042.

The reactor was restarted on November 25. Criticality was achieved
at 2136, and the reactor was brought to an operating level of 45 MWt at 1359
on November 26. Since no additional release was noted during the ascent to
power and in the seven-day period following, the tentative (and erroneous)
conclusion was reached that one of the two subassemblies removed (either
C2111 or C2113) was the origin of the November 23 and 24 fission-product
releases.

B. Postirradiation Disposition of Subassemblies C2111 and C2113

When the evidence indicated that either subassembly C2111 or C2113
was the source of the November 23 and 24 fission-product releases, all pre-
irradiation and loading records for these two subassemblies were carefully
inspected. The review indicated that all records were in order and that it
was extremely unlikely that a defective (i.e., rejected) element had been
incorporated inadvertently into either subassembly.

The two subassemblies were transferred from the storage basket to
the Fuel Cycle Facility during December 1967. Upon arrival in the air cell,
all elements were eddy-current bond-tested, sodium levels were measured,
and top-closure welds were pressure-decay tested. The elements were also
subjected to individual visual examinations. The following observations were
made: (1) All top-closure welds were intact and leak-proof; (2) no evidence
of fuel melting was indicated; and (3) all sodium levels were the same as
they were before irradiation.

Since the sodium levels were normal (and unchanged) and since the
closure welds were intact, it was concluded that if a defect existed it must
have been located above the sodium level but below the level of the weld-
leak check.

- The next attempt to locate the leak involved the use of low-power
irradiation in TREAT. Briefly, clusters of elements from C2111 and C2113
Tvere irradiated for approximately 1 hr in TREAT, then immediately placed
in a heated vacuum furnace. The off-gases were cold-trapped (on cold
charcoal) and radiometrically analyzed with a multichannel gamma spec-
trometer. As a result of these studies, it was concluded that the defect, if
there was one, could not have been large. The effects of a very small defect,
h.owtevelj, could have been masked by fission-product gases generated through
fission in a small contamination of fuel material on fuel-element surfaces
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After all conceivable nondestructive tests had been exhausted, atten-
tion was focused on destructive methods. The next step consisted of sepa-
rating top portions of the jackets from the remainder. Circumferential cuts
were made at a level approximately 1 in. below the top of the fuel column
(or ~1.6 in. below the top of the nominal sodium level). The spacer wire
was cut approximately 1 in. below the top spacer-wire weld to avoid
weakening the weld area.

After the cutting operations, the top sections were taken from the
air cell, soaked overnight in warm water, drained, resoaked if necessary
to remove any residual sodium, redrained, and finally dried under room
conditions. A test manifold, based on a 3/16-in. swagelock connector, was
inserted over the lower 1/2 in. of a given jacket section. The manifold was
then successively pressurized to 500, 1000, and finally 2000 psig with helium
under water. Of the combined 182 elements in subassemblies C2111 and
C2113, 180 showed no signs of a leak. The jackets of the remaining two had
been damaged during the cutting operations, and their spacer wires had been
torn from their upper welds.

Because these two jackets could not be tested with the pressurization
technique, they were checked by intensive visual and microscopic examina-
tions. Examination of the resulting holes in the weld area revealed that all
the metal around the hole area had freshly fractured surfaces. The condition
of the surfaces indicated that the welds very likely were sound, and no evi-
dence of a defect in the weld area was noted. The jackets, except for the
closure weld, had been leak-tested originally with a mass spectrometer
before final assembly of the elements; therefore both sections were assumed
to be free of defects.

»

C. Fission-product Release, December 6, 1967

As discussed in Section II.A, subassemblies C2111 and C2113 were
removed on November 25, and the reactor was brought to a power level of
45 MWt at 1359 on November 26. For the following three days, various
physics tests were conducted, which required frequent power changes. Be-
cause of these many power changes during the period November 26 to De-
cember 1, variations in the signals from the various fission-product
monitoring systems were expected and were, of course, observed. Never-
theless, no indication of a sharp burst-type release such as those observed
on November 23 and 24 was noted. During this period, it was difficult to
avoid the conclusion that the earlier releases had originated from either
subassembly C2111 or C2113.

On the other hand, rather inconclusive evidence indicated that fission
products were still being released to the primary coolant. For example, the
equilibrium (saturated) background level of 135Xe in the cover gas had been
established at 8.0 x L0 ,uCi/ml during run 26B (when no leaker was in the
core). During that portion of run 26C when '*Xe was again saturated, on
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December 3-7, the level had increased to 10.2 x 105 uCi/ml. Since a total
of six subassemblies had been added to the core at the start of run 26C, it
was tempting to believe that the indicated increase in the '**Xe concentration
was the result of an increase in the contamination level of fuel material on
the surfaces of the added subassemblies. If such were true, proportionate
changes should have been noted in the outputs of the FGM and FERD systems.
Accordingly, a careful search of the FGM and FERD records was made.

The results of a search dating back to the start of run 26 revealed no dis-
cernible change, thus indicating that no change had occurred in the general
contamination level of core components with fuel material.

Because of the inability to reconcile the indicated increase in LEie
activity with an increase in normal fuel-contamination level, attention was
directed to the possibility that the source of the November 23 and 24 re-
leases was still in the core. Presumably the nature of the defect had
changed, and instead of rare-gas fission products, bond sodium containing
chemically fixed 1331 and !*°I was being extruded. The 13%e and '**Xe formed
from the decay of these species would then account for the increase noted
during run 26C. The fact that the FGM and FERD systems failed to sense
an increase was attributed to the inability of short-lived halogen fission-
product species to survive the trip from their place of recoil birth, through
the sodium bond, and out through the defect. The very short-lived iodine
and bromine species are sensed directly by the FERD system; their rare-
gas daughters are sensed by the FGM.

Activity levels for '**Xe and 13°Xe in cover-gas samples during the
period December 1 to 13 are summarized in Fig. 4. An inspection of the
data reveals that the '**Xe activity reached an equilibrium level during the
period December 3 to 7and that the longer-lived 135%e was approaching an
equilibrium level. During this period, the reactor was operated at 45 MWt
in a continuous manner.

The data in Fig. 4 also reveal that some time late on December 6
both a